A galvanic cell using a commercially made calcium stabilized zirconia tube was used to measure the P 2 of analyzed and premixed gas mixtures of Ar-02 and CO-CO2 over a wide range of oxygen pressures near IOOO'C. The accuracy of the cell was evaluated by comparing these results with the reported analyses of these mixtures. A model based on thermal diffusion was used to explain the variation of the emf with flow at low flow rates.
The value of n is taken as 4 based on the reversible reaction| cathode 0 + 4e-Z 20= .
(2) 2 anode Oxygen, air or a metal-metal oxide mixture is generally used as a reference electrode, P2(02), and the value of P (02) is then calculated using Eq. (1). Weissbart and Ruka| using a Zr02-CaO electrolyte have quantitatively verified Eq. (I) between 600° and 750'C in the oxygen pressure region I to 10-5 atm. Bates and Littlewood8 have suggested the industrial application of the oxygen gauge for measuring lower oxygen partial pressures (e.g. the value of PQ in hot furnace gases). They tested a cell similar to that used by Weiss art.and Ruka| at 660'C using a few CO-CO2 and H2-H2O Schmalzrled5 using Zr02-CaO electrol tes has found that at higher temperatures and lower oxygen pressures the electronic transference number becomes significant and the use of Eq. (1) then becomes invalid for I 0 the accurate determination of P(02). Baker and West have determined the critical oxygen pressure-temperature relationship corresponding to 2% electronic conductivity for commercially available line-stabilized zirconia.
Oxygen gauges using the above type of electrochemical cell are now commercially available for measuring the oxygen partial pressure above 10 also reported a dependence of the cell emf on flow rate.
Similar problems were encountered during an investigation of a calclastabilized zirconia solid electrolyte oxygen gauge In this laboratory.
These problems were I) a dependence of the emf on gas flow rate, 2) asymmetr Ic emfs when the electrode gases were reversed and 3) the presence ' of an emf that varied with gas composition, flow rate and temperature when identical gases were present at both electrodes.
Further study was undertaken to eluctdate these problems and to evaluate the use of the oxygen gauge as a research tool for accurate measurement of the oxygen pressure over a wide range of oxygen pressures.
The accuracy of the oxygen gauge was evaluated in the neighborhood of 1000'C by comparing the 02 and CO concentrations determined from the cell rreasurements with the corresoond Ing analyses of the premixed Ar-02 and CO-CO2 gas mixtures.
EXPERIMENTAL
A schematic diagram of the oxygen gauge used in this investigation is .
shown in Fig. 1 A 0.016 in dia. platinum wire wound around the alumina gas inlet tube located within the inner zirconia-calcia tube served as a small auxiliary X lf 1 < < 'c s 1 ,1 " T u " approximately IO minutes was required to reach equilibrium with pure oxygen whereas 30 minutes was required when oxygen was replaced with a mixture of 10,000 ppm of oxygen in argon. As a precautionary measure the quartz outer tube was enclosed with nichrome screen which was grounded to shield against electric field effects produced by the furnace winding. An on-off proportioning type controller was used and no change In emf was observed between the on and off cycles.
RESULTS AND DISCUSSION
Preliminary measurements using a cell assembly with only one thermocouple showed that the emf obtained with a gas mixture at one electrode and oxygen at the other was a function.of the gas flow rates. With a gi ven f I ow rate i n each e I ectrode chamber, the measured emfs were asymmetric with respect to zero when the gases were reversed. Emfs were also observed with identical gases in each chamber. These emfs varied with gas composition, flow rate and temoerature.
Based on these observations it aopeared that the emf dependence on the flow rate may have been caused by thermal diffusion, thermoelectric, or nonisothermal galvanic cell effects produced by a variation in the temperature gradient in the furnace or across the electrolyte. The three experiments described below were employed in an attempt to determine the relative contributions of each of these phenomena. The cell assembly was modified to include two thermocouples as shown in Fig. I to measure the temperature difference at the electrodes. The emf measurements were made in the vicinity of 1000'C because p6larization effects were negligible.
In addition the sensitivity of the voltage measuring instrumentation was high because of low cell resistance.
In the first experiment the emf was studied as a function of flow rate using identical gases at both electrodes. The gas flow rate at one On the other hand if the flow rate were high enough In the inner electrode chamber to eliminate thermal diffusion and low enough in the outer electrode chamber that thermal separation were to occur there, then oxygen would diffuse toward the electrode In the outer chamber. The value of P at this electrode would then increase and the emf of the cell would e negative. With increasing flow rates in the outer chamber mixing effects would increase and the emf should approach zero.
Similarly, if thermal separation were to occur using air, the changes in emf should be just the reverse of that observed for Ar-02 mixtures because N2 is lighter than 02. Although the predicted dependence of emf on flow rate for air was observed, the results were not shown in Fig. 2 because the change in emf with flow rate was so small that it would be difficult to see on this plot. The results with oxygen at both electrodes were not shown in Fig. 2 because the emf was independent of flow rates.
Thus the observed results for oxygen, air and Ar-02 mixtures at low flow rates appear to be consistent with a model based on thermal diffusion.
As shown in Fig. 2 The small emf measured at high flow rates where thermal separation was negligible appeared to be due to thermal electric effects. It is interesting to note that the temperature at the electrodes appeared to be Independent of flow rate over the range of flow rates investigated (l.e. 0-400cc/min). It should also be noted that in the initial studies an increase In the emf with Increasing flow rate was observed when the flow rate in the Inner chamber was varied in the high· flow rate region.
This behavior was observed for pure oxygen, air and Ar-02 mixtures. A manometer was connected to the inner chamber to measure the variation of pressure with flow rate. The increase in emf with increasing flow rate was correlated with the observed increase in pressure. This problem was eliminated by Increasing the size of both the gas Inlet tube and the exit port.
In the second experiment the effect of thermal emfs was investigated.
For this study a high flow rate (230-280 cc/min) was used at both electrodes to avoid problems arising from thermal diffusion. The same gas mixture was used at both electrodes and a small temperature gradient Errors arising from the inaccuracy of the measuring system are negligible when compared to those Involving temperature.
The data from the above experiments were then used in investigating the accuracy of the results obtained using the gauge as an oxygen analyzer.
The compositions of several analyzed-premi.xed gases were calculated from the data obtained using the gauge. These results were compared to the analyses supplied with the mixtures.
Before these tests were begun, the following change was made in order to minimize errors due to temperature differentials across the electrolyte.
The cell was located in the furnace such that the two thermocouples measured the same temperature with oxygen at both electrodes. The measured emf at this time was 0.0 + 0.05mv. A nonzero temperature difference was later measured at the electrode. This may have been due to a lack of complete thermal equilibrium or to a change in the furnace temperature gradient with the use of gases other thamnoxygen. However, these temperature differences were generally less than I'C. Gas flow rates of 230 -280 cc/min were used. These flow rates corresponded to regions In which the emfs were independent of the flow rate.
The results of several analyses using the oxygen gauge are presented in Table I The accuracies of the calculated results shown in Table I were estimated on the basis of Figs. 3 and 4 after assuming I) that the use of an average temperature in the calculations was valid and 2) that the measured temperatures were accurate. The validity of this second assumption is supported by the fact that both thermocouples were constructed from the same spools of reference grade wire.
In addition the Pt in both hot junctions came from the same location on the spool of Pt as did the Pt + 13% Rh from its 
